Introduction
Volatile organic compounds (VOCs) are dangerous due to their high vapor pressure at room temperature. They may pose potential risks for long-term infrastructures. [1] [2] [3] When the concentrations of VOCs are over the explosion limit, a tiny spark would trigger a serious explosion resulting in serious injury, considerable wealth loss, and death. Kaohsiung, the second-largest city in Taiwan, was ripped apart in the midnight of 31 July 2014 by a series of explosions that killed 32 people and injured at least hundreds. The blasts arose from the leaks of underground hydrocarbon chemicals. The explosion ripples overturned cars and trucks, and sent flames leaping into the downtown area. 4) It is urgent to develop safe guards for living environments and establish precaution systems beforehand. Also, accumulated chemicals could cause diseases or cancers. 5, 6) If the leakage of VOCs can be detected, chronic accumulation can be avoided. One of the solutions is to develop reliable VOC sensors for public safety.
VOCs sensors are composed of chemical and physical structures for sensing materials. Table SI in the online supplementary data at http://stacks.iop.org/JJAP/57/04FM06/ mmedia shows a list of the state-of-the-art research studies on VOC sensors. 1, [7] [8] [9] [10] [11] [12] [13] Among VOC sensors, nanostructured sensing materials have been adopted to achieve rapid responses=high sensitivity owing to their large surface area. In contrast, the versatile electrospinning technique is a simple method that is applicable to various materials for the generation of relatively large-scale continuous electrospun fibers. [13] [14] [15] [16] [17] [18] In our previous work, we fabricated a film as a sensing material with randomly collected poly(3-hexylthiophene) (P3HT)=poly(methyl methacrylate) (PMMA) electrospun fibers. The P3HT=PMMA fibrous film exhibited acceptable sensing capability for VOCs and repeatability. The minimal detectable concentration of 500 ppm is achieved for acetone, toluene and, o-xylene. 13) Herein, the aligned P3HT=PMMA fibrous film was also fabricated by electrospinning. The stacked aligned electrospun P3HT=PMMA fibrous film showed the preferred uniaxial orientation. 19) 2. Experimental procedure PMMA (MW ∼ 996,000 Da, Aldrich) was used as received without any further purification. P3HT (MW ∼ 60,000 Da) was synthesized as described in the literature with slight modifications. 20) The P3HT solution was prepared by dissolving P3HT powder in chlorobenzene (CB; 99.8%, Acros) with continuous stirring at 40°C for 48 h. Then, the P3HT solution was added to the stirred solution of PMMA in chlorobenzene. The P3HT=PMMA blending ratio is set at 5.0 wt % as an optimal blending ratio. The concentration of P3HT=PMMA blending solution is 15.0 wt % for electrospinning and 8.0 wt % for spin coating.
The electrospinning system ( Fig. 1 ) includes the highvoltage power supply (Falco Tech Enterprise FES-COS), the syringe pump (KD Scientific KDS-100), and a grounded rotary collector. The maximum voltage of the voltage power supply is 50.0 kV. The syringe pump automatically controls the flow rate and volume of a solution. After optimizing the applied voltage, tip-to-collector distance, the rotational speed of the rotary collector, P3HT=PMMA solution flow rate for electrospinning, and P3HT=PMMA blend fibers were prepared successfully on a glass substrate. In this study, operating parameters are fine-tuned as follows: high applied voltage is 15.0 kV; the tip-to-collector distance is fixed at 7.0 cm; the rotational speed of the rotary collector is 650 rpm; and the constant flow rate is fixed at 0.5 ml=h. In contrast, P3HT=PMMA thin films were fabricated by a spin coating at 500 rpm for 30 s. The microstructures of sensing materials with various P3HT=PMMA fibers were observed by scanning electron microscopy (SEM; SEC SNE-4500M) operated at an accelerating voltage of 15.0 kV. To sense toluene vapor at a saturated vapor pressure, excess toluene liquid was added into an enclosed 80 mL quartz container with the P3HT= PMMA fibrous film at the center of the container. Moreover, for sensing low-concentration toluene vapor, several controlled amounts of toluene liquid was added into the same container individually; thus, a controlled vapor concentration was obtained after the liquid VOCs completely evaporated within the quartz bottle. An ultraviolet-visible spectrometer (JASCO V-730) was utilized to measure the extinction spectra of the P3HT=PMMA-sensing materials.
Results and discussion
Three kinds of 5.0 wt % P3HT=PMMA-sensing materials were fabricated by spin coating and electrospinning. For the spin coated sensing material, the P3HT=PMMA film shows obvious phase separation in a SEM image in Fig. 2(a) . P3HT island like domains are formed owing to the poor solubility of P3HT in PMMA. 21, 22) The optimized parameters for electrospinning were set to prepare specimens as follows: an applied voltage of 15.0 kV, a tip-to-collector distance of 7.0 cm, a rotary collector rotational speed of 650 rpm, and a solution flow rate of 0.5 ml=h. SEM images of random and aligned P3HT=PMMA blend fibers are shown in Figs. 2(b) and 2(c). The aligned P3HT=PMMA fibrous film exhibits the preferred uniaxial orientation in contrast to the random orientation. The average diameter of random and aligned P3HT=PMMA blend fibers is 1.39 ± 0.01 µm. Figure 3 shows the UV-vis extinction spectra of the P3HT=PMMA film and the random, and aligned P3HT= PMMA fibrous films. The extinction spectra of the P3HT= PMMA film exhibit the λ max at 560 nm and pronounced 0-0 and 0-1 vibronic extinction peaks at 600 nm. [23] [24] [25] The extinction spectra of the random P3HT=PMMA fibrous film also show the peaks at 560 and 600 nm. In particular, it is note worthy that the peak intensity at 1,020 nm is increased. It is more obvious for the aligned P3HT=PMMA fibrous film than for the random P3HT=PMMA fibrous film. We speculate that the extra peak at 1,020 nm observed in the fibrous sample only is due to light scattering. The literature indicated that the preferred uniaxial orientation could enhance optical properties. 26, 27) The significant changes in extinction spectra were found after the exposure of the P3HT=PMMA fibrous film to VOCs.
To ensure the sensing capability of several P3HT=PMMA-sensing materials, toluene vapor is used in the VOC test for 120 min. Toluene is extensively used as an industrial feedstock and a solvent. In addition, we define the response, R, of a fibrous film according to the extinction spectra variation at two distinguished wavelengths of 600 and 1,020 nm. The equations of R for fibrous films at 600 and 1,020 nm are
where E o(x) is the extinction without VOC exposure (i.e., 0 min); E t(x) is the recorded extinction with respect to toluene vapor exposure time.
The detection capability of the three P3HT=PMMA-sensing materials are shown in Fig. 4 . The extinction spectra [ Fig. 4(a) ] and responses [ Fig. 4(b) ] of P3HT=PMMA films show no significant difference under saturated toluene vapor. These results indicate that a flat film could not adsorb toluene vapor at all; thus, the spectra show no differences. When the random P3HT=PMMA fibrous film is exposed to saturated toluene vapor, the response curves [ Fig. 4(d) ] show three stages involved in toluene vapor sensing. 13) In the first stage, toluene is adsorbed on the surface of the fibrous film. In the second stage, the fibrous film starts to collapse. In the last stage, the collapsed fibrous film continuously adsorbs VOCs and becomes swelled by VOCs, the scattering effect of the microstructures disappeared [Fig. 4(c) ]. Similarly, according to published reports, a film with preferred uniaxial orientation was used to modulate optical behavior. [26] [27] [28] The propagation of light was regulated by restricting its emission directions at certain frequencies or localizing light in specific areas. Results suggest that the well-aligned ∼1.39 µm P3HT=PMMA fibers strongly scatters the light at 1,020 nm. R 1020 would thus show noticeable variations in our fibers. The extinction spectra of the sensing material with aligned P3HT=PMMA fibers exposed to saturated toluene vapor for different times, show the larger variation than the other two sensing materials [ Fig. 4(e) ]. The response of various sensing materials exposed to saturated toluene vapor for different times is shown in Figs. 4(b) , 4(d), and 4(f). The sensing material with aligned P3HT=PMMA fibers exhibited the largest extinction variation and definitely the highest responsivity among all the sensing materials [ Fig. 4(f) ].
Most importantly, the responses of three kinds of P3HT= PMMA-sensing materials exposed to low-concentration toluene vapor were measured as shown in Fig. 5 . The toluene vapor concentrations are individually set at 10,000, 2,000, 500, and 200 ppm. The response time is defined as the time at a fixed toluene vapor concentration at which the P3HT=PMMA-sensing materials give responses larger than two times of the sensing error (∼0.002). The sensing material with aligned P3HT=PMMA fibers always exhibited the highest responsivity among the three sensing materials. The detection limits of the P3HT=PMMA film and random and aligned P3HT=PMMA fibrous films exposed to four concentrations of toluene vapor is summarized in Table I . For detecting toluene vapor at concentrations of 10,000, 2000, and 500 ppm, the response times of the aligned P3HT= PMMA fibrous film are all less than 16 min. Regarding a nonwoven structure, the preferred uniaxial orientation could enhance the extinction changes following VOC exposure. Moreover, the aligned P3HT=PMMA fibrous film is further more sensitive to 200 ppm toluene vapor. The detection resolution for the P3HT=PMMA fibrous film is much lower than the lower explosive limit (LEL) of toluene (12,000 ppm). 29) We suggest the aligned P3HT=PMMA fibrous film can be applied well to toluene-related derivatives.
Conclusions
P3HT=PMMA-sensing materials were fabricated successfully by electrospinning. The sensing material fabricated from aligned fibrous P3HT=PMMA on a glass substrate has shown an excellent response to toluene at 500 ppm and a rapid-response time of 16 min. The detection limit achieved for toluene vapor is 200 ppm. This low-cost and fastresponding VOC sensor extends the current VOC sensing technology. 
